DNA fragmentation factor (DFF) is a complex of the DNase DFF40 (CAD) and its chaperone/inhibitor DFF45 (ICAD-L) that can be activated during apoptosis to induce DNA fragmentation. Here, we demonstrate that DFF directly binds to DNA in vitro without promoting DNA cleavage. DNA binding by DFF is mediated by the nuclease subunit, which can also form stable DNA complexes after release from DFF. Recombinant and reconstituted DFF is catalytically inactive yet proficient in DNA binding, demonstrating that the nuclease subunit in DFF is inhibited in DNA cleavage but not in DNA binding, revealing an unprecedented mode of nuclease inhibition. Activation of DFF in the presence of naked DNA or isolated nuclei stimulates DNA degradation by released DFF40 (CAD). In transfected HeLa cells transiently expressed DFF associates with chromatin, suggesting that DFF could be activated during apoptosis in a DNA-bound state.
DNA fragmentation factor (DFF) is a complex of the DNase DFF40 (CAD) and its chaperone/inhibitor DFF45 (ICAD-L) that can be activated during apoptosis to induce DNA fragmentation. Here, we demonstrate that DFF directly binds to DNA in vitro without promoting DNA cleavage. DNA binding by DFF is mediated by the nuclease subunit, which can also form stable DNA complexes after release from DFF. Recombinant and reconstituted DFF is catalytically inactive yet proficient in DNA binding, demonstrating that the nuclease subunit in DFF is inhibited in DNA cleavage but not in DNA binding, revealing an unprecedented mode of nuclease inhibition. Activation of DFF in the presence of naked DNA or isolated nuclei stimulates DNA degradation by released DFF40 (CAD). In transfected HeLa cells transiently expressed DFF associates with chromatin, suggesting that DFF could be activated during apoptosis in a DNA-bound state.
DNA fragmentation is a biochemical hallmark of apoptotic cell death that can be achieved by the action of several nucleases involved in various apoptotic signal transduction pathways (1) (2) (3) (4) . Of paramount importance for cell autonomous apoptotic DNA degradation is the DNA fragmentation factor (DFF) 1 (5) . DFF is a heterodimeric complex of the nuclease DFF40 (CAD) and its specific chaperone/inhibitor DFF45 (ICAD-L) (6, 7) . During DFF40 (CAD) biosynthesis, DFF45 (ICAD-L) serves as a specific chaperone for the formation of a catalytically competent nuclease (8, 9) . Once the complex between the nuclease and its chaperone/inhibitor is formed, the inhibitory subunit can be cleaved by caspase-3 or granzyme B and in turn dissociates from the nuclease (5, 10 -12) . The released nuclease is now able to participate in high molecular weight and nucleosomal apoptotic DNA fragmentation (13) .
Although initially purified from cytosolic fractions of human and murine cell lines, several lines of evidence indicate that DFF can be a nuclear factor as well (1, 2, 6, 7, 14 -16) . DFF40 (CAD) and DFF45 (ICAD-L), but not the small isoform of the inhibitor DFF35 (ICAD-S), display nuclear localization signals (NLS) at their C termini that contribute in an additive manner to the nuclear accumulation of this nuclease/inhibitor complex (14, 17) . Several nuclear proteins interact with and possibly regulate the activity of DFF40 (CAD), one such factor being topoisomerase II␣, implying a putative cooperation with DFF40 (CAD) in large scale chromosomal DNA fragmentation (18, 19) . DFF40 (CAD) activity is also enhanced by architectural chromatin proteins such as histone H1 and HMGB1 and 2. For example, DFF40 (CAD) directly binds to histone H1, suggesting that this protein perhaps targets the nuclease to the DNA linker region where nucleosomal DNA fragmentation occurs (6, 19 -21) .
In the present study, we provide evidence that DFF in addition to the above mentioned interactions can directly interact with DNA in vitro without inducing DNA cleavage and is able to associate with chromatin in transfected HeLa cells. This is the first known case of a DNase-inhibitor complex in which DNA binding occurs but DNA cleavage is blocked. Intriguingly, DNA binding by DFF prior to or concomitant with its activation by caspase-3 stimulates the activity of the released nuclease DFF40 (CAD) on naked DNA and isolated nuclei, suggesting that during apoptosis nuclear DFF can be activated in a DNAbound state.
MATERIALS AND METHODS

Bacterial and Mammalian Expression
Vectors-Vectors for the expression of differentially tagged subunits of DFF in mammalian cells, pCI-EGFP-DFF40, pCI-GST-DFF45, and pCS2-MT-DFF40, were described previously (22) . pcDNA-3.1-EGFP-DFF45 was constructed by inserting the cDNA of DFF45 into a modified pcDNA-3.1 vector, allowing expression of GFP fusion proteins. pEGFP-C2-CTCF was a kind gift from Ru Zhang (Institute for Genetics, JLU-Giessen).
For bacterial expression of DFF subunits, the following vectors were used: pGEX-2T-CAD and pACET-DFF45, allowing coexpression of GST-CAD and DFF45 in Escherichia coli as described elsewhere (22, 23) . pET-Duet1-HisCAD, for the expression of N-terminally His-tagged CAD, was constructed by inserting CAD cDNA into the expression vector pET-Duet-1 (Merck Biosciences). pRSETB-ICAD-L (a kind gift from W. C. Earnshaw) was used to express His-tagged ICAD-L (24). His-tagged ICAD-S was expressed using vector pLK-His-ICAD-S as described previously (22 1 The abbreviations used are: DFF, DNA fragmentation factor; CAD, caspase-activated DNase; ICAD-L, inhibitor of CAD large form; ICAD-S, inhibitor of CAD small form; PIPES, 1,4-piperazinediethanesulfonic acid; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; PBS, phosphate-buffered saline; NTA, nitrilotriacetic acid; EMSA, electrophoretic mobility shift assay; GST, glutathione Stransferase; Z, benzyloxycarbonyl; fmk, fluoromethylketone; GFP, green fluorescent protein.
Non-detergent Cell Lysis and Immunodetection of Endogenous DFF-
Non-detergent cell lysis was performed using the CNM compartmental protein extraction kit (BioChain Institute, Inc.) according to the supplier's recommendations. Western blotting was performed using polyclonal anti-DFF40 and anti-DFF45/35 antibodies (ProSci, Inc.) in combination with horseradish peroxidase-conjugated secondary antibodies (Merck Biosciences-Calbiochem) and enhanced chemiluminescence detection reagents (ECL) (Amersham Biosciences).
Cell Culture and Transfection-Mammalian cells were cultured in a humidified atmosphere of 5% CO 2 in Dulbecco's modified Eagle's medium with 10% fetal calf serum, 100 units of penicillin, and 100 g/ml streptomycin.
For in situ nuclear matrix preparations, HeLa cells were grown as described above on glass slides in 9.4-cm dishes and transfected by Ca 2ϩ -phosphate co-precipitation using a total of 30 g of DNA. For preparative nuclear matrix preparations, HeLa cells grown in maxidishes were transfected by calcium phosphate co-precipitation with 60 g of DNA.
Nuclear Matrix Preparations-In situ nuclear matrix preparations were performed as described previously with a slight modification (25) . HeLa cells transfected with appropriate GFP fusion constructs were extracted with 0.25% Triton X-100, instead of 1%, in CSK100 buffer (10 mM PIPES, pH 6.8, 0.3 M sucrose, 100 mM NaCl, 3 mM MgCl 2 , 1 mM EGTA, 1.2 mM phenylmethylsulfonyl fluoride, protease inhibitor mixture) to account for the Triton X-100 sensitivity of DFF. Cells were examined with a Leica TCS4D confocal laser-scanning microscope as described previously (22) .
For in-batch nuclear matrix preparations, transfected HeLa cells were incubated in 0.5% Triton X-100 in CSK100 buffer for 5 min on ice and then passed five times through a 22-gauge injection needle. Cellular debris was removed by centrifugation at 6000 rpm for 5 min, and the pellet washed with 1ϫ CSK100 buffer. Matrix stabilization, chromosomal DNA cleavage, and chromatin depletion were achieved as described above. Chromatin-depleted nuclei were pelleted by centrifugation at 10,000 ϫ g for 20 min and washed twice with CSK50 buffer. The Triton X-100 soluble fraction, matrix-stabilized nuclei, and chromatindepleted nuclei were analyzed by immunoblotting using rabbit GFP antiserum (␣-GFP; Invitrogen) and an anti-rabbit horseradish peroxidase-conjugated secondary antibody (Merck Biosciences-Calbiochem) in combination with enhanced chemiluminescence detection reagents (ECL) (Amersham Biosciences).
Production of Recombinant Proteins and in Vitro Mutagenesis-Recombinant His-tagged DFF was produced as described previously with minor modifications (23) . Briefly, His-tagged DFF was expressed in E. coli BL21Gold (DE3) cells transformed with the two compatible plasmids pACET-DFF45 and pET-Duet1-HisCAD. The soluble protein fraction containing His-tagged DFF was purified by standard Ni 2ϩ -NTA affinity chromatography. Eluted DFF was concentrated using centricon microconcentrators and subjected to anion-exchange chromatography using a Mono-Q HR 5/5 column. Bound protein was eluted in buffer A (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 0.01% CHAPS, 10 mM dithiothreitol) using a 15-ml gradient of NaCl (100 -300 mM) at a flow rate of 1 ml/min. Peak fractions of recombinant DFF were collected and concentrated as before in buffer A.
GST-tagged DFF containing wild-type CAD or the K155Q and H263N CAD mutants were produced as described before (23, 26) . Where desired, GST-tagged DFF bound to glutathione-Sepharose 4-B beads in PBS was incubated with thrombin (50 units) overnight to remove the GST tag. The processed complex from the supernatant was purified by anion exchange chromatography as described above. Caspase-3 was expressed and purified as described before (23) .
His-tagged ICAD-L was expressed using plasmid pRSET-ICAD-L (see above) and His-tagged ICAD-S as described elsewhere (22) . Briefly, the proteins were first purified by standard Ni 2ϩ -NTA affinity chromatography and further purified by anion-exchange chromatography similarly as described above.
Electrophoretic Mobility Shift Assays (EMSA)-Standard DNA binding reactions were performed for 30 min in shift buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 2 mM EDTA, 10% glycerol, 0.01% CHAPS) containing 12.5 ng/l plasmid DNA (pBS-VDEX) and indicated amounts of proteins (see figures) in a final volume of 20 l. Aliquots of the binding reactions were transferred into shift loading buffer (75% sucrose, 0.1% bromphenol blue), loaded onto 0.8% agarose gels containing 0.05 g/ml ethidium bromide and separated by electrophoresis in TBE buffer (Tris borate/EDTA, pH 8.3). Aliquots of the binding reactions with PCR products were analyzed by electrophoresis on 6 or 5% polyacrylamide gels in TPE buffer (Tris phosphate, pH 8.2). The gels were stained with ethidium bromide.
UV Cross-linking-A-39 bp double-stranded oligodeoxynucleotide at a concentration of 5 M with photoactivatable 5-iododeoxyuridine incorporated at three adjacent sites in the center of one DNA strand radioactively labeled with 32 P at its 5Ј-end was incubated with 5 M DFF in buffer A. UV irradiation of the DFF-DNA complex with a helium/cadmium laser at 325 nm for 30 min was applied to induce cross-linking. Aliquots of the reaction mix were separated by PAGE and analyzed by autoradiography.
Transmission Electron Microscopy-Plasmid DNA and protein were incubated at 37°C for 30 min in a 10-l reaction volume containing 30 ng of DNA and different concentrations of DFF ranging from 0 to 300 ng (molar ratios of enzyme to DNA between 30:1 and 300:1) in shift buffer. Complexes were fixed with 0.2% (v/v) glutaraldehyde for 10 min at 37°C and, after 3-fold dilution in 10 mM triethanolamine chloride, pH 7.5, and 10 mM MgCl 2 , adsorbed to freshly cleaved mica. Micrographs were taken using a Philips CM100 electron microscope at 100 kV and a Fastscan CCD camera (Tietz Video and Image Processing Systems GmbH, Gauting, Germany).
Reconstitution of DFF-For reconstitution of DFF we activated GSTtagged DFF ( To analyze DNA cleavage activity of DFF incubated with DNA concomitant with caspase-3 activation, we mixed DFF (20 nM), DNA (pBS-VDEX, 25 ng/l), and caspase-3, stopped caspase-3 activation of DFF after 15 min by addition of pan-caspase inhibitor and then started the DNA cleavage reaction after a further 5 min incubation by addition of MgCl 2 . Aliquots of the DNA cleavage reactions were taken at 0 (immediately after addition of MgCl 2 ), 1, 3, 9, and 15 min time points, loaded onto 0.8% agarose gels and analyzed by electrophoresis as described above. To quantify DNA cleavage, the decrease of the supercoiled plasmid DNA band in the gels was measured and transformed into relative cleavage rates. To use chromatin as substrate, nuclei were isolated from HeLa cells by standard centrifugation procedures using Tris-buffered saline (TBS, 50 mM Tris-HCl, 200 mM NaCl, 3 mM KCl, 0.02% sodium azide, pH 7.5) and a cell lysis buffer (0.325 M sucrose, 10 mM Tris-HCl, pH 7.8, 5 mM MgCl 2 , 1% Triton X-100) and cleaved using 50 nM DFF.
RESULTS
Inhibited and Released DFF40 (CAD) but Not DFF45 (ICAD-L) Interact with DNA-
In an attempt to identify the DNA binding domain of DFF40 (CAD) we to our surprise found that not only the released nuclease subunit itself but also the nuclease/inhibitor complex DFF forms stable DNA complexes in vitro. In the EMSA shown in Fig. 1B , we used GST-tagged wild-type DFF and the active site variant H263N of murine DFF40 (CAD) as well as recombinant DFF45 and GST with plasmid DNA as substrate. His 263 is an important catalytic residue of murine DFF40 (CAD) situated in the active center close to the C terminus of the protein (Fig. 1A) (23, 27, 28) . The H263N variant of murine DFF40 (CAD) was used to see, whether this catalytically inactive enzyme retains the ability to bind DNA despite of its inability to cleave it. Recombinant DFF45 and GST were analyzed for control. As shown in Fig.  1B , DFF and the nuclease subunits released from DFF, but neither the inhibitory subunit DFF45 nor GST, form stable DNA complexes. Formation of these complexes is not depend-ent on the presence of Mg 2ϩ , which is an essential cofactor for DNA cleavage by the nuclease DFF40 (CAD) as seen in Fig. 1B (27) . In the absence of Mg 2ϩ , the wild-type nuclease and the H263N variant induce a similar mobility shift in the DNA. In the presence of Mg 2ϩ , the wild-type nuclease readily cleaves the DNA, loosing its ability to induce a mobility shift (Fig. 1B,  lane 13) , whereas the active site variant H263N cannot cleave but can still bind the DNA (Fig. 1B, lane 15) . These results clearly show that not only the nuclease subunit released from DFF but also the unprocessed nuclease/inhibitor complex DFF can form stable DNA complexes, which is highly unusual both for nonspecific nucleases and nuclease/inhibitor complexes. The data also suggest that the nuclease subunit in DFF mediates DNA binding of the nuclease/inhibitor complex, since the inhibitory subunit alone does not form DNA complexes (Fig.  1B, lanes 7 and 16) . EMSA with a second inactive variant of murine DFF40 (CAD) with substitution of Lys 155 by Gln supports this suggestion. Lys 155 in murine DFF40 (CAD) is not an active site residue but closer to the CAD/CIDE-N-domain of the enzyme and appears to be involved in maintaining the protein structure and/or DNA binding (Fig. 1A) (23, 26) . In this EMSA we used thrombin-treated GST-DFF complexes in order to rule out that the binding activity seen is an artifact caused by the GST fusion (Fig. 1C) . Interestingly, DFF with the K155Q mutant of CAD, DFF N-K155Q , does not form stable DNA complexes whereas DFF N-H263N and wild-type DFF do (Fig. 1C) . This corroborates that the nuclease subunit in DFF mediates DNA binding and suggests that Lys 157 (Lys 155 ) in DFF40 (CAD) directly or indirectly plays an important role in DNA binding. The recently published crystal structure of murine DFF40 (CAD) illustrates that Lys 155 is a buried residue stabilizing the N-terminal end of ␣-helix 4, which presumably binds in the major groove of the DNA (Fig. 1A) (28) .
Recombinant DFF Binds to Various DNA Substrates in Vitro-So far our results revealed that DFF forms stable DNA complexes in vitro via its nuclease subunit DFF40 (CAD). In order to further characterize the DNA binding capacity of DFF we produced recombinant DFF with the nuclease subunit carrying an N-terminal extension of 12 amino acid residues [MGRSH 6 KL] including a hexahistidine tag to facilitate puri- fication and replacing the GST tag ( Fig. 2A) . This protein complex was used to carry out EMSA as well as UV crosslinking experiments with DFF and various DNA substrates including plasmid DNA as well as synthetic PCR products and oligodeoxynucleotides. As shown in Fig. 2B , His-tagged DFF, and the nuclease released from DFF by caspase-3 processing induce a mobility shift in the DNA. As seen from lane 4 in Fig.  2B , nuclease released from DFF by caspase-3 treatment in the absence of Mg 2ϩ led to high molecular weight complexes that stick to the wells of the agarose gel, which can be explained by the fact that released DFF40 (CAD) has the propensity to form oligomers (20, 29) . Such high molecular weight DFF40 (CAD)-DNA complexes might be unable to enter the gel matrix. In some cases with free DFF40 (CAD) we also observed a smear instead of homogenous complex formation indicating a nonhomogenous distribution of DNA complexes and suggesting that under the conditions applied the DFF40 (CAD)-DNA complexes are less stable than the DFF-DNA complexes. DFF also binds to synthetic DNA such as PCR products of various sizes (Fig. 2C) as well as to a 39-bp double-stranded oligodeoxynucleotide as demonstrated by UV cross-linking (Fig. 2D) , apparently with a greater affinity toward larger DNA fragments. Titration of a 273-bp double-stranded PCR-derived DNA fragment with DFF in the presence (data not shown) or absence of Mg 2ϩ revealed a dissociation constant K d Ϸ 5 ϫ 10 Ϫ6 M (Fig.  2E) . The sequences of the plasmid DNA, PCR products, and the oligodeoxynucleotide were unrelated, indicating that, as expected for a nonspecific nuclease, DFF binding to DNA is not sequence specific.
Visualization of DFF-DNA Complex Formation and DNA Cleavage by Transmission Electron Microscopy-In order to
obtain additional information about the nature of the DFF-DNA complexes formed we analyzed DNA binding and cleavage by DFF using transmission electron microscopy. When plasmid DNA was incubated with increasing amounts of DFF at physiological salt concentration the decrease in electrophoretic mobility of the DFF-DNA complex compared with the free plasmid DNA analyzed by EMSA was dependent on the concentration of DFF (Fig. 3A) . When such complexes were analyzed by transmission electron microscopy, similar results were obtained (Fig. 3A) . Depending on concentration, DFF binds to plasmid DNA in a nonspecific manner, independent of the absence or presence of Mg 2ϩ . As seen from Fig. 3A , DFF forms large aggregates on the DNA rather than sitting side by side on its substrate and more than one plasmid molecule is bound by such aggregates. When the nuclease subunit released from DFF by caspase-3 treatment was analyzed in the same way (Fig. 3B) , we again observed nonspecific DNA binding in the absence of Mg 2ϩ but, as expected, cleavage of the DNA into short linear fragments in the presence of Mg 2ϩ , corroborating the results obtained from the gel shift experiments.
Recombinant and Reconstituted DFF Allow Formation of Stable DFF-DNA Complexes-Our results indicated that the free nuclease released from DFF and recombinant DFF obtained from co-expression of its subunits interact with DNA. It was pertinent to investigate if reconstitution of DFF, i.e. addition of inhibitory subunit to the nuclease subunit released from activated DFF results in the restoration of a DNA binding proficient but catalytically deficient nuclease/inhibitor complex. To this end, we have activated recombinant DFF using caspase-3, then added the pan-caspase inhibitor z-VAD-fmk and finally supplemented the reaction mixture with recombinant ICAD-S (DFF35) or ICAD-L (DFF45) again (Fig. 4A) . As shown, reconstituted DFF is able to bind to the DNA substrate similar to recombinant DFF obtained from co-expression of its subunits, allowing formation of a stable DNA complex but inhibiting the activity of the nuclease subunit (Fig. 4B) . When the reconstituted DFF complexes were activated by excess caspase-3 (indicated by asterisks in Fig. 4) , DNA cleavage by DFF40 (CAD) was regained. This result clearly shows that inhibition of the nuclease subunit in DFF is due to blocking the catalytic activity but not the DNA binding capacity of DFF40 (CAD). The results also suggest that ICAD-S (DFF35) and ICAD-L (DFF45) use the same mechanism for inhibition of DFF40 (CAD). To our knowledge, this mode of nuclease inhibition has not been seen yet with any other known nuclease/ inhibitor complex (see below).
DNA Binding by DFF Stimulates the Activity of Released DFF40 (CAD)-
To elucidate if binding of DFF to DNA prior to or concomitant with its activation by caspase-3 has an influence on the activity of DFF40 (CAD), we performed time order of addition experiments. We compared the DNA cleavage kinetics of DFF40 (CAD) released from DFF incubated with DNA prior to or concomitant with its activation by caspase-3 with DNA cleavage kinetics of DFF40 (CAD) released from DFF activated by caspase-3 in the absence of DNA. Under the conditions applied, incubation of DFF with DNA prior to or con- comitant with its activation by caspase-3 clearly stimulated the activity of released DFF40 (CAD) (Fig. 5A ). This suggests that activation of DNA-bound DFF leads to an apparently higher cleavage efficiency of the released nuclease subunit compared with the nuclease released in the absence of DNA. When the experiment was conducted with isolated HeLa cell nuclei as substrate we also observed a difference in the cleavage activity of DFF activated in the presence or in the absence of this substrate (Fig. 5B) , indicating a similar behavior of DFF when bound to naked DNA or to chromatin substrates. To see whether the nuclease released from caspase-3-treated DFF is stable and retains its activity during the time order of addition experiments, we incubated activated DFF for defined time intervals at 37°C and measured its residual nuclease activity in a hyperchromicity assay using high molecular weight salmon sperm DNA as substrate. As shown in Fig. 5C , incubation of the released nuclease up to 30 min at 37°C does not lead to a detectable decrease in nuclease activity, ruling out that the drop in activity seen with DFF activated in the absence of DNA is caused by protein instability. In order to find out whether the different DNA cleavage rates observed upon activation of DFF were caused by a difference in the rate of activation of DNAbound and -unbound DFF by caspase-3, we analyzed the proteolytic processing of DFF in the presence or absence of DNA by SDS-PAGE. As a result, the rate of DFF processing by caspase-3 is not influenced by the absence or presence of DNA, ruling out an enhancement of DNA cleavage activity due to a higher rate of proteolytic activation of DNA-bound DFF (Fig. 5D) .
DFF Can Associate with Chromatin in Transfected HeLa
Cells-Having shown that DFF interacts with DNA in vitro the question arises whether this nuclease/inhibitor complex can also associate with chromatin in vivo. To investigate a putative chromatin association of DFF, we first studied the localization of endogenous DFF in HeLa cells using a non-detergent lysis method for cell fractionation, since it has been shown previously that DFF readily leaks out of the nuclei upon treatment with detergents (15, 29) . Western blotting of total lysate and cytosolic and nuclear fractions with antibodies against DFF40 and DFF45/35 revealed that in HeLa cells endogenous DFF is almost entirely located to the nucleus (Fig. 6A) . Transfection of HeLa cells with constructs encoding green fluorescent protein (GFP) fusions of the human DFF subunits DFF45 or DFF40 in combination with their non-GFP-tagged counterparts confirmed the nuclear localization of transiently expressed DFF and its subunits (Fig. 6B) . Nuclear localization was only abrogated when the NLS of either DFF45 (DFF45⌬323-331) or DFF40 (DFF40⌬329 -338) was deleted (data not shown). Such complexes were then found predominantly in the cytoplasm, as shown previously (14) . By extracting the DNA of transfected cells 72-h post-transfection, we were able to detect significant levels of DNA laddering in cells expressing tagged DFF but much less DNA laddering in cells transfected with DFF45 only (data not shown). When purified from transfected cells via GST pull-down, GST-DFF45/GFP-DFF40 complexes show DNase activity after caspase-3 activation in vitro (Fig. 6C) , indicating that the tagged DFF complex is functional, both in vivo and in vitro.
After confirming that endogenous and transiently expressed DFF in HeLa cells can be found in nuclei, we investigated the subnuclear distribution of the complex by comparative in situ and preparative nuclear matrix assays essentially as described earlier (25) . Because of the known detergent sensitivity of DFF, we modified the assay by reducing the Triton X-100 concentration from 1 to 0.25% and compared the relative Triton X-100 sensitivity of GFP-tagged DFF at this low concentration of detergent with that of GFP-DFF45, a presumed negative control, and GFP-CTCF (CCCTC-binding factor), a nuclear matrixbinding protein, serving as a positive control (30) . For in situ nuclear matrix preparations transfected cells were either left untreated or were carefully treated with mild concentrations of Triton X-100, sodium tetrathionate, and/or DNase I to deter- FIG. 5 . A, comparison of plasmid DNA cleavage kinetics with DFF40 (CAD) released from DFF incubated with DNA prior or concomitant to activation by caspase-3 or activated in the absence of DNA. DFF40 (CAD) released from DFF in the presence of DNA has a higher activity (1 and 3) than nuclease released from DFF in the absence of DNA (2) . Gel data of three independent time orders of addition experiments is plotted on right. B, same experiment as in A with nuclei isolated from HeLa cells as substrate. C, DFF40 (CAD) released from activated DFF and stored at 37°C for 0, 15, and 30 min does not show a decrease in nucleolytic activity as determined in a hyperchromicity assay using salmon sperm DNA as substrate. D, comparison of the rate of proteolytic processing by caspase-3 of DFF in the presence or absence of DNA analyzed by SDS-PAGE (left panel) reveals no significant difference. Gel data plotted on right panel.
FIG. 6.
A, Western blot using anti-DFF40 and anti-DFF45/35 antibodies after biochemical fractionation of HeLa cells by a non-detergent lysis method. Endogenous DFF subunits can be found in the nucleus (tot, total cellular extract; cyt, cytosolic fraction; nuc, nuclear fraction). B, GFP-tagged DFF45 (upper panels) and GFP-tagged DFF40 in complex with GST-tagged DFF45 (lower panels) are nuclear in transfected HeLa cells. Nuclear counterstaining was achieved by co-expression of a nuclear DsRed-Express variant. C, GFP-tagged DFF40 purified from transfected cells via GST-tagged DFF45 by GST-affinity chromatography is active in vitro after activation by caspase-3 as shown by cleavage of plasmid DNA (o, open circular; l, linear; c, supercoiled). D, inhibitor GFP-DFF45 expressed in transfected HeLa cells is readily washed out of the nucleus when cells are treated with the detergent Triton X-100 (PI, propidium iodide). E, heterodimeric nuclease/inhibitor complex DFF visualized by GFP fusion to the nuclease subunit can still be found in the nuclei after Triton X-100 and Na 2 S 4 O 6 treatment of the cells, but is absent from nuclei after chromatin depletion with DNase I. F, CTCF associates with the nuclear matrix. G, preparative nuclear matrix assay reveals that expressed DFF is found in the Triton X-100 soluble fraction and in the Na 2 S 4 O 6 stabilized nuclei in equal amounts. After chromatin depletion with DNase I, no DFF can be detected in the nuclei. In the case of DFF45, the protein is only found in the Triton X-100 soluble fraction. mine whether the proteins are found in the Triton X-100-soluble fraction, associated with the chromatin or the nuclear matrix. When left untreated we found all the different fusion proteins, i.e. GFP-DFF45 (Fig. 6D) , GFP-DFF (Fig. 6E) , and GFP-CTCF (Fig. 6F ) located in the nuclei. When transfected cells were subjected to treatment with mild concentrations of Triton X-100, DFF45 was readily washed out of the nuclei whereas the DFF complex and CTCF were still detectable there. When cells were also treated with sodium tetrathionate stabilizing the nuclear matrix, the presence of DFF and CTCF in the nuclei remained unaffected. However, when cells were subjected to detergent lysis, matrix stabilization, and DNase I treatment, DFF was absent from the chromatin-depleted nuclei (Fig. 6E) whereas CTCF, as expected, was found associated with the remaining nuclear matrix (Fig. 6F) . A preparative nuclear matrix assay performed with DFF and DFF45 alone confirmed these results. More than 95% of DFF45 was detectable in the Triton X-100 soluble fraction, whereas DFF was split among the Triton X-100 soluble fraction and the chromatin fraction (Fig. 6G) . Taken together, these results strongly suggest that the nuclease/inhibitor complex DFF, but not the inhibitory subunit DFF45 (ICAD-L) alone, is able to associate with chromatin corroborating the observations made on DNA binding by DFF in vitro. DISCUSSION DFF40 (CAD) is a nuclease that degrades chromatin during apoptosis by attacking phosphodiester bonds of DNA in the linker region between nucleosomes (5, 7). Cleavage restricted to the internucleosomal DNA in chromatin leads to the highly defined DNA laddering observed upon activation of DFF40 (CAD) during apoptosis. On naked DNA the enzyme acts as a nonspecific nuclease attacking almost every phosphodiester bond without sequence specificity but with some preference for AT-rich regions (19) . Such sequence preferences have been found in many other nonspecific nucleases, e.g. DNase I (31) or endonuclease G (32, 33) . Because of their inherent nonspecific character these nucleases usually do not show tight substrate binding and their interaction with DNA is mainly determined by contacts to the phosphodiester backbone, whereas interaction with the bases usually is rare (34 -37). Our results now show that although acting as a nonspecific nuclease DFF40 (CAD) is able to form stable DNA complexes in vitro, independent of the presence or absence of a divalent metal ion cofactor, such as Mg 2ϩ . This clearly differentiates DFF40 (CAD) from other nonspecific nucleases such as DNase I, endonuclease G or colicins E7/E9. As an exception, the latter DNase that acts as a bacterial toxin has been shown to form DNA complexes but only in the presence of Mg 2ϩ and only when present as an inactive variant (38) .
The most striking difference that highlights a unique feature of DFF40 (CAD) is the mechanism of inhibition of this particular nuclease by the inhibitory proteins DFF45/35 (ICAD-L/-S) compared with the inhibition of other nonspecific nucleases such as the RNases barnase and RNaseA or the bacterial DNase colicins E7/E9 (39 -42) . All these nucleases have to be tightly regulated in a cell to avoid accidental destruction of the genetic material ultimately causing cell death and one way of regulating these enzymes is complex formation with inhibitory factors (43) . Although using different mechanisms of inhibition in detail, all the nuclease/inhibitor complexes mentioned above obey a common principle: they function by prohibiting the binding of nucleic acid substrates to the nuclease subunits thus preventing substrate cleavage. For example, in the colicins E9 and E7, which are inhibited by their corresponding immunity proteins Im9 and Im7, a so called exosite mechanism of inhibition is found in which the immunoprotein only partially occludes the active site of the DNase yet at the same time changes the electrostatic environment of this region leading to repulsion of a putative DNA substrate (36, 44 -46) . In the present study, our results indicate a very different mechanism for inhibition of DFF40 (CAD), in which cleavage of the DNA substrate is prevented but binding to the DNA occurs in the presence of the inhibitory subunit ICAD. In the absence of a crystal structure of the DFF complex it cannot be explained in detail how the inhibitory subunits DFF45/35 (ICAD-L/S) achieve to block catalysis of phosphodiester bond cleavage by DFF40 (CAD) but at the same time allow for substrate binding. For example, there could be an unblocked, non-catalytic DNA binding site in the nuclease subunit of the DFF complex in addition to a physically distinct catalytic center that is blocked by the inhibitor. An equally likely scenario is that non-catalytic DNA binding and subsequent catalysis take place at a single site, the active site of the nuclease itself. This requires an active site cleft accommodating non-catalytic binding in the presence of inhibitor and binding and catalysis in the absence of inhibitor. In either case, the active site has to be blocked in such a way as to avoid catalysis. The fact that recombinant DFF and DFF reconstituted by complex formation of the released nuclease with DFF45 (ICAD-L) or DFF35 (ICAD-S) show a similar behavior in DNA binding further indicates that both isoforms of the inhibitor block DFF40 (CAD) activity in a similar way. Interestingly, our reconstitution experiments indicate that ICAD-S is a slightly more effective inhibitor of DFF40 (CAD) than DFF45 (ICAD-L), in agreement with previous observations (47, 48) .
The very deep active site cleft formed by the two identical subunits of an active DFF40 (CAD) dimer as seen in the crystal would in theory allow a two stage binding mechanism, where in a first, non-catalytic stage, DNA is bound but not hydrolyzed and in a subsequent second stage, after activation, phosphodiester bond cleavage takes place (28) . However, since in DFF the inhibitor is presumed to keep DFF40 (CAD) in a monomeric state, the active site cleft as described above is not formed (28) . Since it is nevertheless seen from our experiments that DFF interacts with DNA it has to be assumed that a single DFF40 (CAD) molecule in the heterodimeric nuclease/inhibitor complex is sufficient to allow for non-catalytic DNA binding. The crystal structure of CAD shows that the active site residues of this enzyme are located in a ␤␤␣-Me-finger-like motif that faces the DNA via the minor groove (28, 36, 37, 49) . The CAD-DNA model also illustrates that the long ␣-helix 4 of DFF40 (CAD) very likely binds in the major groove of the DNA (28) . It is therefore tempting to speculate that inhibited DFF40 (CAD) in DFF binds to the DNA via the major groove and provides a sufficiently stable interaction to form a DFF-DNA complex, while the catalytic center itself is blocked by the inhibitory subunit. Binding through the minor groove by the ␤␤␣-Mefinger-like motif could take place to promote catalysis once the active DFF40 (CAD) dimer is assembled.
The very deep active site crevice seen in the crystal structure of activated DFF40 (CAD) requires that the linker DNA reaches the active site residues situated at the bottom of this crevice. This on the one hand provides a good explanation of how the enzyme might discriminate between poorly accessible DNA wrapped around histones and freely accessible internucleosomal DNA (28) , but on the other hand the question arises how DNA approaches the bottom of the deep active site crevice at all. Activation of DNA-bound DFF stimulates the activity of released DFF40 (CAD) on naked DNA and on isolated nuclei. It could well be that the function of preformed DFF-DNA complexes is to facilitate access of the substrate DNA to the very deep active site cleft of activated DFF40 (CAD), which after DFF activation only requires the self assembly of the nuclease dimer around the DNA. This model would explain why incubation of DFF with DNA prior to or concomitant with its activation by caspase-3 has a stimulating effect on the catalytic activity of (DFF40) CAD.
We find that DFF can associate with chromatin in transfected HeLa cells in vivo suggesting that nuclear DFF might be activated in the apoptotic cell in a DNA bound state (Fig. 7) . The stimulation and association of DFF40 (CAD) with histone H1 and HMGB1 and 2 in vitro has already been demonstrated and it can be concluded from these studies that DFF40 (CAD) might be directed to the linker DNA in chromatin by histone H1 where internucleosomal DNA fragmentation occurs (6, 20, 21) . Our data now indicate that in addition to binding and stimulation of DFF40 (CAD) by chromatin proteins, DFF can also directly interact with the DNA and this interaction stimulates the activity of DFF40 (CAD). Stimulation could be due to assembly of active dimeric DFF40 (CAD) around the DNA facilitating substrate access to the catalytic center (Fig. 7) . This could mean that activation of DFF bound to the linker region of chromosomal DNA in the cell takes advantage of the close proximity of the nuclease subunit to the chromatin substrate, thus accelerating the execution of apoptotic DNA fragmentation. The DNA binding data presented here highlight a unique feature of DFF as a nuclease/inhibitor complex and suggest a very effective mode of DFF activation in situ during apoptosis.
